Abstract: Gentiana cruciata L. (cross gentian) is a medicinal and ornamental plant. The root extracts of this species are known to exhibit many curative properties. The natural Gentiana populations are exposed to great danger because of their uncontrolled usage. In this study, hairy roots from Gentiana cruciata L. stem and leaf explants belonging to three different clones were induced by inoculation with four different Agrobacterium rhizogenes wild strains namely A4, 15834, 8196 and R1000. Induction of the root transformation was significantly dependent on the explant type used. On the other hand, the genotype and bacterial strain had no significant effect on hairy root formation. Hairy root formation percentages of the explants varied between 5.6-33.3% in the stem explants, and between 0.0-6.7% in the leaf explants. Transformations of the hairy roots were confirmed by PCR using rolC specific primers, and revealed the absence of contaminating A. rhizogenes with virC primers. Total of twelve hairy root clones were obtained, and their secondary metabolite content was also analyzed by HPLC. Quantitative results exhibited that gentiopicroside was the most abundant compound in all root samples. Furthermore, metabolites such as loganic acid, swertiamarin, and sweroside were also identified and quantified in the samples.
Introduction
Gentiana genus belonging to Gentianaceae includes 361 species spread all over the world (Mikula et al. 2002) . In Turkish flora it is represented by 13 taxa in total, including 9 species and 4 subspecies (Davis 1978) . Many Gentiana species are known for their pharmaceutical and ornamental values, such as Gentiana crucita L., commonly called cross gentian (Mikula et al. 2005) .
Gentian roots (gentianae radix) have been used for their stomachic and sedative effects in folkloric medicine. Moreover, it stimulates white blood cell production (Ando et al. 2007) .
As for the constituents of gentian roots, various compounds have been reported so far. Bitter tasting secoiridoid-glycosides, e.g., swertiamarin, gentiopicroside, amarogentin and sweroside ( Fig. 1 ) in the plant were found to be responsible for the biological activities (cholagogue, hepatoprotective and wound-healing). Not only secoiridoids are relevant for the biological effects of gentian; other constituents ( Fig. 1) , such as loganic acid, xanthone glycosides (gentioside and its isomer) and xanthones like gentisin and isogentisin are also biologically active (Aberham et al. 2007 ).
Gentian root is listed in the European and the Japanese herbal pharmacopoeia. The quality of the root is evaluated by the major bitter principle gentiopicroside. Increasing demand for raw material (1,500 tons of gentian roots) has caused significant damage in their natural habitats (Ando et al. 2007 ). For those reasons, nearly 100 species of this genus are protected by law in many European countries (Mikula et al. 2005) . The major constituent, gentiopicroside, is robustly affected by the stage and environment of the plant (Ando et al. 2007 ). Since production of the crude drug in consistent quality is quite difficult (Ando et al. 2007) , and Gentiana species are characterized by low generative and vegetative regeneration capacity in the in vivo conditions (Mikula & Rybczynski 2001) , the in vitro culturing of the genus is a valuable tool for providing plant material for the pharmaceutical industry.
Agrobacterium rhizogenes (formerly Phytomonas rhizogenes), which is a soil bacterium responsible for the development of hairy root disease on a range of dicotyledonous plants (Tepfer 1984) was first identified 80 years ago (Riker et al. 1930) . Hairy roots offer the opportunities for stable (compared to undifferentiated cultures) and wide-range production of plant secondary metabolites (Giri & Narasu 2000; Hu & Du 2006; Georgiev et al. 2007 ). These roots were identi- fied by their rapid, plagiotropic growth and extensive root branching on hormone-free media (Tepfer 1989) . They also present a potential for the production of valuable secondary metabolites by obtaining high-yield lines developed via optimization of the inoculum conditions and nutrient medium compounds, elicitation, permeabilization and cultivation of hairy roots in two-phase systems, large scale cultivation in bioreactor systems, and using genetic engineering technology (Georgiev et al. 2007) .
Several reports have documented successful inoculation of Gentiana species with A. rhizogenes, resulting in hairy root formation. However, most of them were mainly used for hairy root development after A. rhizogenes-mediated transformation and regeneration system (Suginuma & Akihama 1995; Hosokawa et al. 1997; Momcilovic et al. 1997) . Only a few studies focused on the secondary metabolite content of Gentiana species, such as G. macrophylla investigated only for gentiopicroside content (Zhang et al. 2010) .
As a part of our ongoing studies on medicinal plants, here we report formation of transformed hairy root cultures of clonally propagated-G. cruciata using A. rhizogenes, and determination of their secondary metabolite content.
Material and methods

Plant material
The plantlets of G. cruciata were grown on half-strength Murashige-Skoog (MS) medium (Murashige & Skoog 1962) with a 4-fold thiamine HCl (0.2 mg/L), pH = 5.8, agar solidified (0.7 (w/v) agar-agar; Merck) and supplemented with 2.46 µM indole-3-butyric acid and 3% (w/v) sucrose, at 26 ± 1
• C using cool-white fluorescent light (50 µmol/m 2 s) under16-h day-periods for 4 weeks.
The stem and leaf explants of three different clones belonging to G. cruciata were used for inoculation with A. rhizogenes.
Bacterial strain and culture conditions Four wild-type A. rhizogenes strains were used in this work, namely agropine-type A4, 15834, R1000 and mannopinetype 8196. A single clone of A. rhizogenes was selected and cultured on 20 mL Luria-Bertani (LB) medium (10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L NaCl, pH = 7.0). Bacterial suspensions were incubated with shaking at 110 rpm for 16 h prior to inoculation, at 25
• C in the dark. A. rhizogenes strains were grown to an OD600 = 1.0.
Hairy root induction
The stem and leaf explants taken from three different clones of G. cruciata were inoculated with A. rhizogenes by puncturing internodes or central leaf veins with a sterile needle, and dipped into bacterial suspension for 30 min. The infected explants were incubated on agar solidified, hormonefree 1/2 MS medium containing B5 vitamins (MSB) (Gamborg et al. 1968 ) with 3% (w/v) sucrose, and 50 µmol acetosyrengone for 2 d under dark conditions. As a control explants wounded with sterile needle without bacteria were used and placed on the same media. The pH was adjusted to 5.8 before autoclaving (121
Elimination of A. rhizogenes from hairy roots 2-4 days following direct infection, roots which developed from infected areas were transferred onto the same medium, described above, with 250 mg/L cefotaxime sodium salt (Fluka) for bacteria elimination at 26 ±1
• C under photon flux density of 10 µmol/m 2 s in 16-h day-periods. Hairy roots were made bacteria-free by transferring to fresh medium for every 3 weeks containing the antibiotics mentioned above. All hairy root clones were checked for Agrobacterium contamination by culturing hairy root samples on LB medium. Moreover, to ensure that the gene transfer did not result from contamination with Agrobacterium cells, controls included PCR.
Hairy root liquid culture Bacteria-free hairy roots were transferred onto hormone-free liquid Schenk-Hildebrandt (Schenk & Hildebrandt 1972) , Nitsch-Nitsch (Nitsch & Nitsch 1969 ) and 1/2 MSB media. Cultures were maintained at 26 ± 1 • C in the dark. Each excised root was propagated as a separate clone. Fast growing clones were selected for further studies. A sample of 1 g fresh weight hairy roots obtained from single clones was transferred to 20 mL of liquid medium in 250 mL flasks and the flasks were incubated at 26 ± 1
• C in the dark on a gyratory shaker. Hairy roots were harvested every 30 d to determine the fresh weight.
Growth measurement
The growth of the hairy roots was measured in terms of fresh weight. The hairy roots were placed between the folds of blotting paper to remove excess moisture and the fresh weight was then determined.
Growth was thus expressed as fresh growth index (FGI) (Jacob & Malpathak 2005; Suresh et al. 2005) . It was expressed as: FGI = (Final fresh weight of biomass -Initial fresh weight of inoculum) / Initial fresh weight of inoculum Isolation and PCR amplification of genomic DNA To determine the presence of Ri T-DNA in hairy root lines, total DNA was extracted from non-transformed roots as a negative control and from hairy roots using the method of Doyle & Doyle (1987) with modifications. Plasmid DNAs from A. rhizogenes strains were isolated by Sarıkaya Topal (2004) method with some modifications as a positive control.
PCR was performed to detect the rolC gene in both T-DNA of the Ri plasmids and genomic DNAs of the hairy roots. The PCR was carried out according to Tanyolac (2003) .
The first primer pair of rolC gene (Mishiba et al. 2006 ) was 5'-ATGGCTGAAGACGACCTGTGTT-3' and 5'-TAGCCGATTGCAAACTTGCAC-3 which produce a 543-bp fragment corresponding to therolC gene ORF. Primers for detecting the virC gene (5'-ATCATTTGTAGC GACT-3' and 5'-AGCTCAAACCTGCTTC-3') (Kumar et al. 2006 ) outside the T-DNA of Ri plasmid were also used to eliminate the possibility of A. rhizogenes contamination of the hairy root lines. A. rhizogenes cells, in addition to primers and reaction buffer, were incubated in a DNA thermal cycler (MJ Research Inc., Nevada, USA) at 94 • C. PCR products were examined by electrophoresis on 2% agarose gels (w/v) and staining with ethidium bromide. Amplification of virC gene PCR was carried out as described above except for an annealing temperature at 52
HPLC analysis
Twelve hairy root clones were selected for further study; each being derived via transformation of three micropropagated G. cruciata clones using four bacterial strains. All hairy root clones were analyzed together with a wild G. cruciata root sample (Bolu; Abant lake side, 1350 m) for content of relevant metabolites by a previously described HPLC method (Aberham et al. 2007) .
Freeze dried and finely powdered roots were weighed to 100 mg and then extracted two-times with 2 mL methanol by sonification at room temperature. After each sonification samples were centrifuged at 3,000 rpm for 5 min. Extracts were combined and diluted to 5 mL with methanol. Without any filtration, samples were run in triplicate.
Analysis of samples were performed on an Agilent 1200 series HPLC instrument, equipped with binary pump, autosampler, column oven and diode array detector (Agilent, Waldbronn, Germany). A Zorbax Eclipse XDB-C18 column (150 × 4.6 mm, 5 µm particle size) from Agilent was utilized as stationary phase. The mobile phase comprised 0.025% of trifluoroacetic acid in water (A) and a 1:1 mixture of acetonitrile and n-propanol (B). Elution was performed using the following gradient: 20 min from 99A/1B to 70A/30B, then 0.5 min to 60A/40B, held this composition for 9.5 min, then 0.5 min to 5A/95B and held at that composition for another 4.5 min (total runtime 35 min). After each injection a re-equilibration period of 10 min followed. The flow rate was adjusted to 1.0 mL/min, the detection wavelength set at 232 nm and 10 µL of sample were injected. All separations were performed at 30
• C (Aberham et al. 2007 ).
Statistical analysis
Transformation experiment was set up in a randomized design with three replicates of 15 explants each. Secondary metabolite analyses were also done in triplicate. All data were the mean ± standard deviation (SD). One-way ANOVA tests were carried out with 95% confidence limit (P ≤ 0.05) by using SPSS 15 (SPSS, Chicago, IL) software package.
Results and discussion
Induction of hairy roots
The hairy roots were produced by infection of the stem and leaf explants of three different clones belonging to G. cruciata with four different A. rhizogenes strains (A4, 8196, 15834, R1000).
16-25 days after direct infection the hairy roots appeared at the inoculated site and grew extensively (Fig. 2a) . The control explants inoculated with only LB medium devoid of A. rhizogenes did not show any root formation on the same medium. The induction of transformed roots was significantly correlated with explants type (P ≤ 0.05). On the other hand, the genotype and bacterial strain did not have considerable effect on hairy root formation. We observed the highest hairy root induction rates for stem explants ranging between 5.6% and 33.3% (Table 1) . As a result, whereas the leaf explants provided low level of transformation rates up to 6.7%, the stem explants were found to be more suitable for direct infection than leaf explants for hairy root induction in G. cruciata. Influence of explant type on transformation frequency has been documented earlier in different plant species (Karmarkar et al. 2001; Shi & Kintzios 2003) . In fact, leaf explants generally showed a very low level of transformation rates in gentian species (Mishiba et al. 2006; Tiwari et al. 2007 ) thus supporting our findings (0.0-6.7%).
Four strains of A. rhizogenes, A4, 15834, 8196 and R1000, were tested for their transformation efficiency. Although no significant differences between the four bacterial strains were observed statistically, A4 (23.9%) was found moderately superior than 8196, R1000 and 15834 on stem explants' transformation (15.3%, 14.6% and 7.8%, respectively). In gentian studies, generally agropine type Agrobacterium strains had high-virulent pathotypes, and they were preferred for hairy root induction (Hosokawa et al. 1997; Momcilovic et al. 1997; Mishiba et al. 2006; Tiwari et al. 2007 ). In recent studies, it has been shown that various A. rhizogenes types had different effects on the induction of hairy roots (Chaudhuri et al. 2005; Akramian et al. 2008) . It is also reported that virulence of Agrobacterium strains shows variation among host plant species. Therefore, transformation efficiency could be variable in different plant species (Chaudhuri et al. 2005 ). In contrast with previous studies, this work demonstrated that all used bacterial strains had about the same transformation frequency in G. cruciata.
Among the three clones, the best root formation response was obtained in clone 3 (16.8%), whereas the rates were found 14.73% for the other clones. The difference between the three clones was marked in relation to the root formation response; however, the difference was not very considerable. Therefore, the response to the transformed root induction was not strictly dependent on the genotype in G. cruciata.
Establishment of hairy root liquid cultures of G. cruciata
Root cultures were established from adventitious roots that developed from wound sites. Bacteria-free hairy roots were transferred to three different liquid media. The roots showed typical hairy root phenotype having ability to grow quickly with extensive branching in a phytohormone-free medium proving their transgenic nature previously described by Tepfer 1984 (Fig. 2b) .
At the end of culturing period, the growth of hairy root clones in different liquid media (SchenkHildebrandt, Nitsch-Nitsch and 1/2 MSB) was optimal in 1/2 MSB medium, resulting in a greater FGI (1.9-31.6). Nitsch-Nitsch and Schenk-Hildebrandt media were not found appropriate for the root growth in G. cruciata. The composition of culture medium is known to effect the growth of hairy roots (Giri & Narasu 2000; Murthy et al. 2008) . A preliminary study indicated that low inorganic nitrogen (1/2 MS) and high organic nitrogen source (B5 vitamins) were found more suitable for hairy root survival and growth in G. macrophylla (Tiwari et al. 2007 ). Similarly we observed a higher growth rate in G. cruciata with the same medium composition. Gamborg's B5 vitamins have a high concentration of thiamine and it has been reported that thiamine is essential for continuous growth of in vitro root cultures (Jacob & Malpathak 2005) .
In this study, morphological and growth differences were observed among the hairy root clones, i.e. an expected observation parallel to the previous studies (Bensaddek et al. 2008; Georgiev et al. 2011) . The established root clones were classified into two groups on the basis of their morphology. The first group (including clone 1 infected with A4, clone 3 infected with A4, clone 1 infected with 15834, clone 3 infected with 15834, and clone 1 infected with R1000) was long and thin, whereas the second group (including the other root clones) was relatively thick.
Hairy root clones varied with respect to FGI (1.9-31.6) and growth, and they accumulated at least from 2-to 22-fold more biomass than normal roots. The maximum FGI (31.5) was observed in clone 1 infected with A4 strain. According to Cho et al. (1998) , these morphological and growth variations in hairy root clones could occur because of different expression of T-DNA genes present in the transformed roots.
PCR analysis of transgenic hairy roots
Explants that exhibited active root growth were selected, and PCR analysis was carried out to confirm the presence of the rolC gene in the transformed roots. Twelve hairy root clones obtained during our study tested positive for the presence of therolC gene (Fig. 3a) , which implied that the TL-DNA was retained in the hairy roots.
During transformation, one or two T-DNA regions (TL and TR) are transferred to the plant genome (Kuzovkina & Schneider 2006) . PCR analysis using primers for the virC gene provided no bands corresponding to the size of virC from the hairy root lines, thus eliminating the possibility of A. rhizogenes contamination (Fig. 3b) . Moreover, culturing the hairy root samples in LB medium did not show the bacterial growth proving the absence of live A. rhizogenes.
Analysis of secondary metabolite content in wild-type roots and hairy roots Secondary metabolite composition of the hairy root clones and a wild variety was determined by HPLC (Fig. 4) . Retention times of the standard compounds were as follows: loganic acid: 7.92 min, swertiamarin: 8.60 min, gentiopicroside: 9.71 min, sweroside: 10.12 min, amarogentin: 17.94 min, xanthone glycosides (gentioside and its isomer): 18.91 and 19.30 min, gentisin: 26.70 min, and isogentisin: 27.15 min.
The secondary metabolite content and composition varied among twelve hairy root clones produced. Quantitative results exhibited that gentiopicroside (Fig. 1) was the most abundant compound in each sample. The hairy root lines of different origin also differed in relative amounts of gentiopicroside. Wild sample was found to be the richest among all with 2.86% (Fig. 5a) . Within all samples, clone 2 infected with A4 had the highest amount of gentiopicroside with 1.08% (Fig. 5b) . This value was similar with that reported for hairy root cultures of G. macrophylla Pall (1.1%) (Zhang et al. 2010) . Quantities of the secoiridoids in hairy roots were different from the wild-growing plant. Furthermore, loganic acid, swertiamarin and sweroside were identified and quantified in the samples (Fig. 1) . Loganic acid was determined in clone 3 infected with A4 (0.0060%), whereas swertiamarin was found in all samples ranging between 0.0306% (wild sample) and 0.0054% (clone 1 infected with 15834) except for the clone 1 infected with A4 and R1000, and clone 3 infected with R1000. In regards to swertiamarin content, clone 2 infected with A4 showed the closest results (0.0239%) compared to the wild sample (0.0306%). The difference of secondary metabolite among clones' contents could be due to the variability of T-DNA integration into the plant genome that related with the bacterial strain and the number of transferred copies previously described (Bensaddek et al. 2008 ). In the hairy root cultures of G. cruciata, trace amounts of sweroside, loganic acid and swertiamarin were present, while their amount was higher in non-transformed root cultures. Similar results have also been reported in hairy root cultures of Blackstonia perfoliata belonging to the family Gentianaceae, where sweroside was not detected, but was present in nontransformed cultured plants (Sabovljevic et al. 2006) .
Based on the diode array detector results, other standards ( Fig. 1 ) such as amarogentin, xanthones such as gentioside and gentioside isomer, gentisin and isogentisin were not found in any of the samples (Fig. 1) . Moreover, an unknown major peak was observed in the HPLC chromatograms of the hairy root samples that we were unable to identify based on the diode array detector profile obtained.
In previous studies, the underground parts of all wild growing Gentiana species studied consisted of three secoiridoid-glycosides: gentiopicroside, swertiamarine and sweroside (Szücs et al. 2002; Carnat et al. 2005) . Szücs et al. (2002) also reported that wild G. cruciata was characterized by high accumulation of gentiopicroside. Moreover, the quantities of swertiamarin and sweroside were low, while amarogentine, gentisin and gentioside isomers were not found in G. cruciata. Our findings were in accordance with the abovementioned data.
The results showed that the hairy roots of G. cruciata and the wild type specimen had the same chemical profile, but the quantity of secondary metabolites differed significantly especially for gentiopicroside. Ando et al. (2007) indicated that the gentiopicroside content is strongly affected by the stage and environment of development of the plant and the preparation process. The biosynthesis of secoiridoids in Gentianaceae plants can be related to the physiological development stage which is affected by plant age, physiology and growing environment of the plant (Piatczak et al. 2006; Zhang et al. 2010) . Chueh et al. (2001) reported that the content of gentiopicroside and swertiamarin in the aerial and underground parts of G. davidii var. formosana varied with the age of the in vitro plant. Synthesis of secondary metabolites in vivo is often triggered by environmental factors, and thus, it is not surprising that the production of secondary metabolites in hairy roots is also greatly affected by culture conditions (Kim et al. 2002) . Our hairy root cultures were grown only for 4 weeks, whereas untransformed roots were almost three years old. Therefore, the quantitative differences might be referred to the environmental factors and current growth stage.
To our knowledge, this is the first report on the determination of the secondary metabolites of G. cruciata hairy roots. Since hairy root culture is less expensive, less laborious and eco-friendly method, it might be a good alternative for production of pharmaceutically important constituents originating from Gentiana genus. Moreover, optimization of the medium composition in Gentiana may result in growth rate increase of the roots and/or the yield raise of accumulated metabolites.
Consequently, in order to increase the amount of the metabolites in G. cruciata L., further studies should be conducted with a focus on the optimization of the culture media and conditions, use of different precursors -biotic elicitors or different A. rhizogenes vector systems.
